Wire bonds are usually used to connect these submodules to each other or to transmission lines which run between modules. It is desirable to minimize this type of connection since it is a labor-intensive process and can degrade circuit performance at very high frequencies. In the future it is likely that many of these wire bonds will be eliminated by combining submodules into larger monolithic units. However, phased antenna arrays using tens of thousands of elements would still have need of transitions between antennas, feeds, or active modules, and it would be convenient to eliminate critical wire bonds as much as possible [1] .
In this paper, we investigate a method of electromagnetically coupling from a coplanar waveguide (CPW) on the surface of one substrate to a CPW on the surface of another. Fig. 1 shows the basic structures which are under consideration. In both cases the chip (or subarray) is fed electromagnetically by the transmission line on the motherboard underneath.
In Fig. l(a) , both the motherboard and the "chip" are assumed to have a high perrnittivity (cr = 10 or 13) with the feed line located on the underside of the motherboard. Alternatively, Fig. l(b) shows the feed line on the top of a low-permittivity motherboard coupling to a high-permittivity chip. It is more convenient to construct a 50-~CPW feed line in the Manuscript received March 26, 1987 : revised July 3, 1987 In what follows, the transition is modeled as a set of coupled lines which are analyzed using full-wave techniques. The analysis is used to design transitions which were constructed and measured at C-and X-band. Finally, potential designs for millimeter-wave applications are discussed.
ANALYSIS A. Coupled Line Analysis
The structures in Fig. 1 each consist of a four-port coupled line section with one port connected to an input line on one surface, one port connected to an output line on the other surface, and the remaining ports terminated in open circuits.
In Fig. 2 .
,,=-ã nd similar expressions for fit (n) and E,(y). In order that the fields have the proper behavior at the side walls and due to the symmetries in the assumed currents, n takes on only odd values. The derivation of the expressions for Q,,(n, 13) is outlined in the Appendix for magnetic and electric cover plates.
Following the usual method of moments approach, JX and JP are expanded in terms of known functions multiplied by unknown coefficients such that ,y where each of the submatrices Z'J is defined by (7) and~~1(n ) is related to~,1(y ) via (3a). The i, j indices denote the submatrix and the 1, p indices denote the element within the submatrix. As usual, /3 is varied until the determinant of the impedance matrix of (6) where 10 is the total longitudinal current on the center strip in Fig. 3 and the integration is over the cross section of the box.
The y integration can be converted to a summation in n, and the z integration performed analytically. The calculations are straightforward and well known [5] but tedious and, due to space limitations, are not included in this paper.
C. Representative Results
To analyze the coupler in Fig. l(b) , the impedance and effective dielectric ( Ceff =~2/k~) constant of the even ( Fig. 2(a) ) and odd ( Fig. 2(b) ) modes must be determined.
These quantities can be obtained from the analysis of the structure in Fig. 3 by setting dl = O, d2 = d/2, and d3 large. For the odd mode, the upper and lower walls are electric; for the even mode, they are magnetic. (The upper wall is of no consequence since it is far away.) A representative result is shown in Fig. 4 this paper. Equations which more properly account for the different phase velocities can be found in the literature [7] . By making dl nonzero and setting (,1= 1.0, the effect of an air gap of 2 dl can be estimated. Fig. 4 shows that an air gap primarily affects the odd-mode effective permittivity. This is not surprising since the electric fields of the odd mode are more normal to the dielectric-air interface than the electric fields of the even mode (see Fig. 2(a) and (b)).
III. MEASURED RESULTS
These types of transitions have been designed, built, and measured at 5 GHz and 10 GHz. Fig. 5 shows the dimensions of a set of 5-GHz couplers built on Duroid substrate (c, = 10.2). There are two transitions, one from the "motherboard"
(1.27 mm thick) to the "chip" (0.635 mm) and one back again to the motherboard. Measured return loss, shown in Fig. 6 , is better than 20 dB over a 25-percent bandwidth.
This return loss is due to the two surfaceto-surface transitions and has been de-embedded from the coax-to-CPW transitions on either end of the motherboard using the time-domain option on an HP-851O system. The insertion loss of the entire structure (including coax transitions) is about 0.6 dB and is well behaved in the passband.
A 1O-GHZ single transition from one side of a substrate (Duroid 6010.2,1.27 mm) to the other was constructed and measured to have better than 15 dB of return loss over a shows that an imbalance like this will produce the effect observed.
The sensitivity of the 5-GHz model was investigated by displacing the chip enough to cause a significant change in the de-embedded return loss. A transverse displacement of roughly 1.3 mm (2/3 of the combined substrate thickness) reduced the return loss from more than 20 dB to roughly 15 dB. A longitudinal displacement of roughly + 1.8 mm caused the same change in return loss. Generally, it was found that the transition was not overly sensitive to alignment.
As stated previously, the presence of a low-permittivity substrate below or above the coupled line region has little effect. This was confirmed by pressing a 1.5-mm-thick , = 2.5 substrate on the underside of the structure in Fig.   5 . Measured return loss changed only slightly and was still better than 17 dB over a 25-percent bandwidth. More discussion of this is presented below.
IV. DISCUSSION
One of the principal concerns in the use of this type of transition will be its size. The width of the structure is controlled by the substrate thickness. By reducing the separation (substrate thickness) between launching and receiving lines, one can reduce the size necessary for a given coupling.
In Fig. l 
For magnetic cover plates the potentials are
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The Fourier series field amplitudes are then obtained from where i3 ? = jkX2 + jkYj + 2z.
Equations
(2) are easily obtained from the preceding expressions by replacing kX by~and kY by n~/a.
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